Intact akinetes (spores) of the cyanobacterium Nostoc spongiaeforme can be isolated free of vegetative cells and heterocysts. The akinetes remain viable for at least 2 weeks in distilled water. They do not germinate in water but do so readily when transferred subsequently to cyanobacterial growth medium. Isolated, nongerminating akinetes incorporated 35S from Na23 S04 into protein and lipid.
Intact akinetes (spores) of the cyanobacterium Nostoc spongiaeforme can be isolated free of vegetative cells and heterocysts. The akinetes remain viable for at least 2 weeks in distilled water. They do not germinate in water but do so readily when transferred subsequently to cyanobacterial growth medium. Isolated, nongerminating akinetes incorporated 35S from Na23 S04 into protein and lipid.
Similar incorporation was observed when akinetes were isolated from old cultures (containing primarily akinetes) which were labeled with Na235SO4 for 4 to 5 h before isolation. The metabolic activities of isolated akinetes were therefore not a factitious response to the isolation procedure. Autoradiographs of radioactive akinetes showed that 35S was incorporated by virtually all akinetes, rather than by a small subpopulation of active cells. Akinetes consumed 02 in the dark and, in a dichlorophenyl dimethylurea-sensitive reaction, evolved 02 in the light. We conclude that akinetes are metabolically active under conditions in which germination does not occur.
Cyanobacteria of the family Nostocaceae may develop akinetes (spores), which are reproductive cells specialized for perennation. Akinetes are often more resistant to environmental stresses, such as heat, cold, and desiccation, than are vegetative cells (17, 18, 20) . Whereas the function of akinetes is thought to be understood, little is known about the mechanisms of akinete differentiation or germination or about the metabolic functions of akinetes which even under adverse conditions maintain germination potential while suppressing the normal cellular reproductive functions. Fay characterized akinetes of Anabaena cylindrica isolated by treatment of a culture with a French pressure cell and found that developing akinetes were metabolically active but that their activity decreased significantly as they matured (7) . The extent to which metabolic activity may have been a consequence of the isolation procedure employed was not assessed. Fay reported that mature akinetes of A. cylindrica have little chlorophyll (8; however, see reference 19) and concluded that akinetes do not have a functional photosystem 1 (8) . Recent studies of Nostoc sp. strain PCC7524 indicated that energy limitation is a primary trigger of akinete formation and that the metabolic rate of a culture ceases to increase once akinete formation begins (17) . The metabolism of mature akinetes has been studied little; in fact, it has been assumed that such cells are not metabolically active (9 Radioactive labeling of akinetes. Akinetes were labeled by two methods. In the first method, akinetes were isolated as described above and labeled at a final concentration of 2 x 107 akinetes per ml with 100 ,uCi of Na235SO4 in 5 ml of glass-distilled water (final concentration, 40 ,uM Na2SO4). Akinetes were incubated at 30°C for 4 to 5 h under the same illumination conditions used for growth and washed five times in water before assay for incorporation of radioactive label. To determine whether Na2SO4 would induce germination, a suspension of purified akinetes was incubated for 3 days in the light in glass-distilled water containing 40 ,uM Na2SO4. No germination was observed.
For the second method of labeling, akinete-containing suspensions were incubated with a radioactive precursor exactly as described above; however, the labeling was done before the bath cavitation step in the akinete purification procedure. After labeling of the suspensions, the akinetes were cavitated in a sonic bath and washed as described for akinete isolation.
The final suspension after either method of labeling contained purified radioactive akinetes that were free of exogenous radioactive substrates and virtually free of other types of cells. Akinetes labeled by either method were counted with a microscope, suspended with about 0.25 ml of fine glass beads and water to 1.0 ml, and then broken by probe sonication (Heat Systems Sonifier, model S-125), using a tapered microtip. About 15 min of sonication was required to break at least 95% of the akinetes (determined by counting with a microscope).
Samples of broken akinetes were assayed for total incorporation of radioactive label by spotting on Whatman 3MM filter paper disks. For (13) .
Protein synthesis in akinetes. Radioactively labeled akinetes were broken by probe sonication as described above, except that phenylmethylsulfonyl fluoride, an inhibitor of serine proteases, was added (0.1 ml of a 10-mg/ml solution in dimethyl sulfoxide per ml of akinete suspension) before sonication. Broken akinetes were extracted first with 80% methanol and then with chloroform-methanol (2:1, vol/vol) as described above. After these extractions, the pellet was suspended in the sodium dodecyl sulfate (SDS) lysis buffer of Laemmli (12) and boiled for 3 min just before electrophoresis on SDS-containing polyacrylamide gels composed of a 3% stacking gel and a 12.5% separating gel (12) . Approximately 200,000 cpm was loaded in each well when possible. Gels were fluorographed (3) with Kodak X-omat R X-ray film. Two-dimensional polyacrylamide gel electrophoresis was done according to procedures described by O'Farrell (14) and Ames and Nikaido (2) with the following modifications. Samples were prepared as described for one-dimensional gels (see above) up to the step of solubilization of the pellet after chloroformmethanol extraction. For two-dimensional gels, the pellet was solubilized in 0.1 M dithiothreitol-2.0% SDS by boiling for 3 min. The sample was then cooled, Nonidet P-40 was added to a final concentration of 10% (vol/vol), and solid urea was added to a final concentration of 9.0 M. Ampholines (Bio-Rad Laboratories) with pH ranges of 3 to 10, 4 to 6, and 6 to 8 were added in a ratio of 1:3:1 (vol/vol) to a final concentration of 2.0% (vol/vol). The samples were mixed well, centrifuged to remove undissolved material, and run in the first dimension with isoelectric focusing gels containing the same ampholines in the same proportions and final concentrations as just described. Electrophoresis in the second dimension was performed in SDScontaining polyacrylamide slab gels composed of a stacking gel and a separating gel, as described for onedimensional polyacrylamide gels. The gels were fluorographed as described above.
RESULTS
Isolation of akinetes. In filaments of N. spongiaeforme grown with N2 as the sole nitrogen source, heterocysts formed at semiregular intervals. As the cultures aged, akinetes initially formed approximately midway between heterocysts, but they subsequently differentiated serially from those central positions toward the heterocysts. In old cultures virtually all cells, except heterocysts, were akinetes. When filaments were grown in a medium containing nitrate (Fig. 1A) , heterocysts did not form; akinetes formed randomly within filaments, and virtually all cells of old cultures were akinetes. The akinetes, which formed large clumps, resisted cavitation in a sonic cleaning bath. They could be isolated free from clumps and debris by bath cavitation of a differentiated culture, followed by several washes in distilled water. This treatment gave an axenic suspension of akinetes (Fig. 1B) , 70 to 95% of which were capable of germination and outgrowth when placed in fresh growth medium (Fig. 1C) . The suspension was free of heterocysts and contaminated by at most 3% vegetative cell ghosts. These akinetes remained viable in water at room temperature on a laboratory bench for at least 2 weeks but did not germinate until placed in growth medium.
Evolution of oxygen by akinetes. Light-dependent oxygen evolution by mature akinetes or by an equal number of growing vegetative cells was measured with an oxygen electrode (Fig. 2) . The rates of oxygen consumption and evolution for akinetes were about 7% of those for vegetative cells. Oxygen evolution for both cell types was inhibited by 10-5 M DCMU; in fact, both showed a net consumption of oxygen in the light with DCMU, but at a rate ca. 20 to 25% as great as that of oxygen consumption in the dark without DCMU. Either the rate of respiration is less in the light than in the dark, or DCMU does not completely inhibit oxygen evolution.
Incorporation of Na235SO4 by akinetes. Akinetes incubated with Na235SO4 in the light incorporated 35S. When the akinetes were purified by bath cavitation before exposure to 35S042-, 48.5 ± 9.2% of their radioactivity was in TCA-insoluble material, and 3.4 ± 2.4% was in chloroformmethanol-soluble material; for akinetes purified from cultures which had been exposed to 35S042, the corresponding figures were 60.8 ± 10.9 and 2.1 ± 1.4%, respectively. All values are given as the mean ± standard deviation of the mean for three determinations. The average total incorporation by either method was 1.2 x 106 cpm per 107 akinetes.
Autoradiography of labeled akinetes. Akinetes labeled with Na23 S04 by each of the methods J. BACTERIOL. described above were washed extensively and spread on microscope slides for autoradiography. Virtually all akinetes labeled by either procedure reduced the emulsion, whereas unlabeled akinetes did not. Representative autoradiograms are shown in Fig. 3A (short-term exposure, facilitating visualization of akinetes) and 3B (longer exposure, permitting better demonstration of akinete labeling).
Lipid synthesis in isolated akinetes. The chloroform-methanol-soluble components of radioactive akinetes (labeled by each method described above) were separated by thin-layer chromatography. Autoradiograms of the chromatograms were compared with the patterns of lipids visualized by charring. Akinetes purified before or after labeling were found to have synthesized a 35S-labeled lipid which migrated to a position corresponding to sulfolipid (data not shown). Protein synthesis in isolated akinetes. Proteins extracted from labeled akinetes were analyzed by one-dimensional SDS-polyacrylamide gel electrophoresis. The patterns of radioactive proteins were similar for akinetes labeled by either of the two procedures described above (cf. with Na235SO4 (i) throughout akinete formation and (ii) as isolated mature akinetes, and akinete extracts were then subjected to two-dimensional polyacrylamide gel electrophoresis and autoradiography. The pattern of proteins synthesized by isolated akinetes appears to be a subset of the pattern of proteins present in akinetes labeled during development (Fig. 5) . Some major proteins made during development (e.g., A, B, C, and D in Fig. 5a ) were apparently not made by mature akinetes, whereas other proteins (e.g., E, F, G, H, and I in Fig. 5a and b (Fig. 3) , and scintillation spectrometry showed that approximately half of the radioactivity was TCA precipitable. It thus appears unlikely that a small, but highly active, subpopulation of akinetes accounted for the metabolic activity of the overall population. Akinetes which were purified by cavitation after labeling of differentiated cultures, when compared with akinetes which were purified by cavitation before radioactive labeling, had virtually identical lipid and protein products and very similar proportions of radioactivity in those products. Thus, akinete metabolism is neither a repair response to sublethal damage caused by sonication nor the initial metabolic reaction of a cell stimulated to germinate (e.g., by fracture of the envelope [16] ), because noncavitated akinetes exhibited similar metabolism. Moreover, akinetes do not receive radioactive metabolites only from a few adjacent, active vegetative cells, because purified akinetes (free of vegetative cells) are active. We conclude that mature akinetes of N. spongiaeforme, rather than being completely dormant, maintain a low level of metabolic activity.
